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•  NiTi03  reforming  layer  could  effectively  improve  carbon  tolerance  of  SOFCs. 

•  NiTi03  could  be  reduced  into  nickel  metal  and  rutile. 

•  NiTi03  reforming  layer  benefits  fuel  oxidation  reaction. 
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In  this  work,  adding  a  NiTi03  (NTO)  reforming  layer  is  firstly  adopted  as  a  low  cost  method  to  improve  the 
carbon  tolerance  in  solid  oxide  fuel  cells.  XRD  patterns  suggest  that  NTO  has  a  good  chemical  compatibility 
with  the  YSZ  electrolyte,  and  NTO  can  be  totally  reduced  to  Ni  and  Ti02  when  exposing  to  the  H2  atmo¬ 
sphere.  Maximum  power  densities  for  the  cells  with  the  NTO  layers  at  700  °C  are  270  mWcm'2  with  wet 
H2  fuel,  and  236  mWcm'2  with  wet  methane  fuel,  respectively.  Improved  discharging  stability  for  the  cells 
with  NTO  layers  has  also  been  observed.  The  current  density  remains  unchanged  for  the  cells  with  NTO 
layers  during  a  26  h  test,  while  it  drops  to  zero  within  1  h  for  the  cells  without  NTO.  Above  electro¬ 
performance  and  long  term  stability  tests  suggest  that  fabricating  a  NTO  reforming  layer  on  the  anode 
surface  is  an  efficient  and  inexpensive  method  to  realize  highly  carbon  tolerant  SOFCs. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  ability  to  adapt  to  multiple  hydrocarbon  fuels  is  one  of  the 
most  promising  properties  that  make  solid  oxide  fuel  cells  (SOFCs) 
theoretically  superior  to  other  types  of  fuel  cells  [1],  In  practice, 
typical  nickel  based  anodes  of  SOFCs  have  high  catalytic  activity  for 
the  cracking  reaction  of  hydrocarbon  fuels,  and  this  usually  results 
in  carbon  deposition  on  active  sites  of  nickel  and  at  last  in  a 
breakdown  of  the  cells  2,3].  Extensive  past  efforts  have  been  paid 
to  improve  the  carbon  tolerance  of  those  cells  [4],  and  a  few  pro¬ 
gresses  have  been  achieved  mainly  as  follows:  1)  Exploring  novel 
anode  materials  with  low  catalytic  activity  to  the  hydrocarbon 
cracking  reaction.  For  instance,  this  includes  Cu  metal  [5-7]  and 
some  conducting  ceramics  such  as  Lao.75Sro.25Cro.5Mno.503_«5 
(LSCM)  [8,9],  doped  SrTi03  (STO)  [10,11],  SrzFei.sMoo.sOe^  (SFM) 
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[12],  and  Pro.4Sro.6Coo.2Feo.7Nbo.! 03-5  [13];  2)  Modifying  the 
microstructure  of  Ni  based  anodes  by  impregnating  Ce02  [14],  or 
depositing  BaO  nano-particles  onto  the  anode  internal  surface  to 
reduce  the  carbon  depositing  15] ;  and  3)  Applying  an  internal 
reforming  layer  onto  the  anode  surface  to  modify  the  fuel  compo¬ 
sitions  before  following  to  the  anode,  such  as  Ru-Ce02  [16]  and 
Cu1.3Mn1.7O4  17]  reforming  layers.  Yet,  challenges  still  exist  if  to 
develop  a  commercial  carbon  tolerant  SOFC  with  low  cost  and  easy 
fabrication.  For  example,  Cu  and  ceramic  anodes  present  low  cat¬ 
alytic  activity  to  the  oxidation  reaction  of  fuels,  and  unfortunately, 
depress  the  cell  discharging  performance.  Moreover,  application  of 
the  mainly  rare-earth-element  composed  ceramic  anodes,  noble 
metal  or  the  impregnation  usually  leads  to  a  high  material  cost  and 
a  fabrication  cost  too,  which  hinders  the  commercial  process  of 
such  SOFCs. 

Ti02  has  been  widely  applied  as  a  low  cost  and  efficient  catalyst 
or  catalyst  support  for  the  oxidation  and  the  steam  reforming  of 
hydrocarbons,  including  CO  [18  ,  methane  [19,20],  propane  [21], 
methanol  [22],  glycerol  [23]  and  so  on.  It’s  generally  accepted  that 
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large  amounts  of  oxygen  vacancies  over  Ti02  surface  in  reducing 
atmosphere  help  to  adsorb  steam  and  thus  provide  oxygen  species 
for  the  oxidation  or  reforming  of  hydrocarbons  [24-26].  Shinde 
et  al.  [20]  prepared  15%  Ni/Ti02  catalyst  for  methane  steam 
reforming,  and  found  that  92%  CH4  conversion  and  77%  CO  selec¬ 
tivity  was  observed  under  a  H20/CH4  ratio  of  1.2  at  700  °C.  Espe¬ 
cially,  the  Ni/Ti02  catalyst  is  coke  resistant  at  low  steam/carbon 
ratios. 

In  this  work,  inexpensive  NiTi03  (NTO)  was  firstly  used  in  SOFCs 
as  a  novel  anode  reforming  layer  in  order  to  improve  the  carbon 
tolerance  of  Ni-YSZ  anodes.  In  a  reducing  atmosphere,  NTO 
decomposed  to  Ni  and  Ti02,  which  facilitated  the  water  reforming 
reaction  of  hydrocarbon  fuels.  Fueled  with  methane  and  propane, 
discharging  performance  and  stability  of  the  cell  have  been 
significantly  enhanced  when  applying  the  NTO  reforming  layer  to 
the  cells. 

2.  Experiment 

2.1.  Powders  synthesis 

NiTi03  (NTO)  powders  were  prepared  through  a  citric  acid- 
nitrate  combustion  method.  Tetrabutyl  titanate  (analytical  grade) 
was  dissolved  in  dilute  nitric  acid  under  stirring,  and  then  nickel 
nitrate  was  put  into  the  solution  in  a  stoichiometric  ratio.  Citric  acid 
and  ethylenediamine  tetraacetic  acid  (EDTA)  were  added  to  the 
solution  as  reducing  and  complexing  agent.  Molar  ratio  of  total 
metal  ions:  citric  acid:  EDTA  was  set  at  1:1: 1.5.  Ammonia  was 
dropped  to  the  solution  to  adjust  the  pH  value  to  approximately  6.8. 
Dry  foam  was  formed  when  heating  such  precursor  on  a  heat  plate 
and  crystallized  NTO  powders  were  prepared  after  calcining  the 
foam  at  950  °C  for  2  h.  Yo.15Zro.85O1.93  (YSZ)  [27],  Lao.8Sro.2Mn03_,5 
(LSM)  [28]  and  NiO  [29]  powders  were  all  synthesized  by  a  glycine 
nitrate  process,  as  reported  previously. 

2.2.  Fabrication  of  the  single  cells 

Dip-coating  method  was  applied  to  deposit  thin  YSZ  film  on 
the  porous  NiO-YSZ  anode  substrate.  The  fabrication  process  de¬ 
tails  were  as  follows:  1)  NiO,  YSZ  and  graphite  mixtures  were  cold 
pressed  into  pellets  and  then  pre-sintered  at  800  °C  for  2  h  as 
anode  substrate;  2)  Suspension  consisted  of  YSZ  powders  and 
some  organic  agents  was  dropped  onto  the  anode  surface.  After 
drying  at  room  temperature,  the  samples  were  co-sintered  at 
1350  °C  for  5  h  to  obtain  a  dense  electrolyte  film;  3)  Slurry  con¬ 
taining  LSM  and  YSZ  powders  (1:1  in  weight  ratio)  was  printed  on 
the  electrolyte  surface,  and  then  fired  at  1100  °C  for  2  h  to  com¬ 
plete  the  fabrication  process  for  a  cell  with  NiO— YSZ|YSZ|LSM-YSZ 
structure. 

Fabrication  procedure  for  the  NTO  reforming  layer  is  similar  to 
that  for  the  cathode  layer.  NTO  powders  were  mixed  with  ethocel, 
and  abietyl  alcohol  as  printing  slurry,  and  then  applied  onto  the 
anode  surface  to  form  a  thin  layer.  After  drying,  the  samples  were 
fired  at  1100  °C  for  2  h  to  complete  the  fabrication  process. 

2.3.  Characterizations 

To  investigate  their  chemical  compatibility,  a  mixture  consisting 
of  NTO  and  YSZ  powders  (1:1  in  weight  ratio)  was  cold-pressed  into 
a  pellet  and  then  fired  at  1100  °C  for  2  h.  X-ray  diffraction  (XRD) 
analysis  was  performed  to  investigate  the  crystalline  structure  of 
the  sintered  samples  using  a  Philips  X’pert  PROS  diffractometer 
with  Cu-Ka  radiation  at  room  temperature.  X-ray  diffraction  pat¬ 
terns  of  NTO  powders  before  and  after  reducing  at  750  °C  in  H2 
atmosphere  for  2  h  were  also  investigated. 


Electrochemical  performance  of  the  single  cells  with  and 
without  the  NTO  reforming  layer  was  investigated  from  550  °C  to 
800  °C  in  a  home-developed-cell-testing  system  using  a  Zahner 
Im6e  electrochemical  workstation.  Humidified  (~3%  H20) 
hydrogen,  methane  or  propane  was  used  as  the  fuel  and  ambient  air 
as  the  oxidant.  Impedance  spectra  of  single  cells  were  carried  out  to 
investigate  the  area  specific  resistance  of  single  cells  using  Im6e 
electrochemical  workstation  in  a  frequency  range  of  1  MHz- 
100  mHz  with  an  ac  perturbation  signal  of  10  mV.  Long  term  per¬ 
formance  of  single  cells  with  and  without  the  NTO  reforming  layer 
was  characterized  at  0.6  V  fueled  with  humidified  CH4  and  propane, 
respectively.  The  microstructures  of  post-tested  single  cells  were 
imaged  using  a  Jeol  (JXA-8100)  scanning  electron  microscope 
(SEM). 

3.  Results  and  discussion 

Fig.  1  shows  the  electrochemical  performance  of  single  cells 
with  and  without  the  NTO  reforming  layer  when  using  wet 
hydrogen  as  a  fuel  measured  from  700  to  800  °C.  The  cells  with  and 
without  NTO  layers  have  similar  behaviors  on  both  open  circuit 
voltage  and  maximum  power  density,  as  shown  in  Fig.  1.  The  open 
circuit  voltages  (OCVs)  and  the  maximum  power  densities  (Pmax)  of 
the  cell  with  NTO  layer  are  about  1.04  V  and  270  mWcm-2,  and 
1.01  V  and  664  mWcm-2  measured  at  700  and  800  °C,  respectively. 
Values  of  polarization  resistances  (Rp,  length  of  the  impedance  arc) 
for  the  cells  with  NTO  layers  are  approximately  0.38,  0.86  and 
1.80  Qcm2  measured  at  800, 750  and  700  °C,  respectively,  as  shown 
in  Fig.  2. 


Fig.  1.  I-V  and  I-P  curves  of  the  cells  (a)  with  and  (b)  without  the  NTO  reforming  layer 
fueled  with  wet  hydrogen. 
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Fig.  2.  Impedance  spectra  of  the  cells  (a)  with  and  (b)  without  the  NTO  reforming  layer 
measured  under  open  circuit  conditions  with  wet  hydrogen  as  the  fuel. 

Fractured  microstructures  of  the  cell  with  the  NTO  layer  are 
shown  in  Fig.  3.  The  NTO  layer,  approximately  50  pm  thick,  adheres 
well  to  the  anode  even  after  the  performance  test.  The  XRD  pattern, 
as  shown  in  Fig.  4(c),  suggests  that  NTO  (PDF#  33-0960)  is  totally 
reduced  to  Ni  (PDF#  04-0850)  and  rutile  Ti02  (PDF#  21-1276) 
mixture  after  exposing  to  the  hydrogen  atmosphere.  And  therefore, 
Ni  and  Ti02  should  be  the  actual  materials  accounting  for  the 
enhanced  anode  performance  for  cells  with  NTO  layers.  When 
comparing  the  XRD  patterns  in  Fig.  4(a)  and  (b),  we  can  also 
conclude  that  NTO  and  YSZ  have  good  chemical  compatibilities  at 
the  fabrication  temperature  (1100  °C)  for  the  NTO  layer. 

Fueled  with  humidified  methane,  I—V  curves  and  the  impedance 
spectra  of  the  cell  without  the  NTO  layer  are  shown  in  Fig.  5.  OCV  of 
the  cell  in  wet  methane  fuel  is  0.97  V,  approximately  0.07  V  lower 
than  that  in  wet  hydrogen  fuel.  Moreover,  the  polarization  resis¬ 
tance  (as  shown  in  Fig.  5)  of  the  cell  unfavorably  expanded  to 


Fig.  3.  The  fracture  microstructures  of  the  cell  with  the  NTO  layer  after  testing. 
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Fig.  4.  XRD  patterns  of  (a)  NTO  powders  calcined  at  900  °C  for  2  h  in  air,  (b)  NTO-YSZ 
mixtures  (1:1  in  weight  ratio)  co-fired  at  1100  °C  for  2  h,  and  (c)  NTO  powders  reduced 
in  H2  at  750  °C  for  5  h. 

3.83  Qcm2,  almost  twice  of  that  fueled  with  hydrogen  (1.92  Qcm2). 
The  maximum  power  density  of  the  cell  without  the  NTO  layer  is 
146  mWcm-2  at  700  °C  with  wet  methane  fuel,  only  56%  of  that 
with  hydrogen  fuel. 

While  for  the  cell  with  the  NTO  layer,  the  electro-performance 
with  methane  fuel  have  been  significantly  improved  compared 
with  that  without  the  NTO  layer.  As  shown  in  Fig.  6(a)  and  (b),  The 
OCV  is  1.03  V,  similar  to  that  in  humidified  hydrogen.  Especially,  the 
polarization  resistance  of  the  cell  with  the  NTO  layer  is  2.51  Qcm2  in 
wet  methane  fuel,  much  lower  than  that  without  the  NTO  layer. 
These  good  performances  should  come  from  the  accelerated 
methane  steam  reforming  reaction  by  the  formed  nano  Ni  and  Ti02 
particles  in  reforming  layer  in  the  reducing  atmosphere,  as  shown 
in  eq.  (1).  Especially,  large  amounts  of  oxygen  vacancies  on  Ti02 
surface  could  efficiently  upshift  the  reforming  reaction  ratio  when 


Current  density  (mAcm’2) 


Fig.  5.  (a)  I-V  and  I-P  curves  and  (b)  impedance  spectra  of  the  cell  without  the  NTO 
layer  measured  at  700  °C  with  wet  hydrogen  and  methane  as  the  fuels,  respectively. 
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Fig.  6.  (a)  I-V  and  I—P  curves  and  (b)  the  corresponding  impedance  spectra  of  the  cell 
with  the  NTO  layer  fueled  by  wet  H2  (■),  CH4  (■),  and  C3H8  (■),  respectively, 
measured  at  700  °C. 


used  as  the  catalysts  support  [30-33].  Fueled  with  methane,  the 
cell  with  the  NTO  layer  show  a  maximum  power  density  of 
236  mWcrn-2  at  700  °C. 


CH4  +  H20=CO  +  3H2  (1) 

I—V  curve  and  impedance  spectrum  of  the  cell  with  NTO  fueled 
with  wet  propane  are  also  shown  in  Fig.  6.  Compared  with  those 
fueled  with  methane  and  hydrogen,  the  cell  with  wet  propane  fuel 
has  relatively  lower  electro-performance,  and  its  maximum  power 
density  and  polarization  resistance  are  153  mWcm-2  and 
3.58  Qcm2  at  700  °C,  respectively.  Linear  temperature  dependence 
of  Rp  is  observed  for  the  cell  with  the  NTO  layer  measured  with 
various  fuels,  as  shown  in  Fig.  7(a)  and  (b).  The  activation  energies 
of  Rp  are  1.23,  0.77  and  1.50  eV  fueled  with  humidified  hydrogen, 
methane  and  propane,  respectively.  Large  difference  in  activation 
energies  and  polarization  resistances  should  be  attributed  to  the 
different  fuel  oxidation  reactions  in  anode.  Low  activation  energy  of 
the  cell  in  methane  seems  to  suggest  that  the  methane  dynamically 
prefers  to  operate  at  low  temperature,  while  that  of  propane  imply 
that  propane  favors  a  high  temperature  operation.  The  maximum 
powder  densities  (Pmax)  of  cell  tested  in  humidified  CFI4  and  FI2 


Fig.  7.  Temperature  dependence  of  polarization  resistances  (Rp)  for  the  cell  with  the 
NTO  layer  measured  with  various  fuels. 


fuels  would  support  this  comment.  As  shown  in  Fig.  8(a),  the  ratio 
of  Pmax,  CFI4 /Pmax,  FI2  reduces  with  the  temperature  when  it  is 
below  650  °C.  At  temperature  above  650  °C,  the  ratio  increases  with 
the  temperature  mainly  because  of  the  enhanced  OCVs  measured  at 
high  temperature,  as  shown  in  Fig.  8(b). 


Fig.  8.  (a)  Temperature  dependence  of  the  maximum  power  densities  for  the  cell  with 
the  NTO  layer  measured  in  humid  H2  ( ■ )  and  CH4  ( • )  fuels,  respectively,  and  also  the 
temperature  dependence  of  Pmax,CH4/Pmax,H2  (★);  and  (b)  open-circuit  voltages  for 
the  cell  measured  in  H2  and  CH4  fuels,  respectively. 


408 


Z.  Wang  et  al.  /  Journal  of  Power  Sources  255  (2014)  404-409 


Fig.  9.  Current  densities  of  the  cell  with  (black)  and  without  (red)  the  NTO  layer 
discharging  at  0.6  V  measured  at  700  °C  with  wet  C3H8  (a)  and  CH4  (b)  as  fuels.  (For 
interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to 
the  web  version  of  this  article.) 

Long-time  performances  of  the  cells  with  and  without  the  NTO 
layer  are  characterized  with  humidified  methane  and  propane 
fuels,  respectively,  as  shown  in  Fig.  9(a)  and  (b).  Discharging  at 
0.60  V  with  propane  fuel,  no  obvious  declining  in  current  density  is 
observed  for  the  cell  with  the  NTO  layer  within  the  26  h  test,  while 
that  for  the  cell  without  the  NTO  layer  drops  to  zero  within  1  h.  This 
result  highly  suggests  that  the  NTO  layer  could  effectively  avoid  the 


Fig.  11.  Schematic  diagram  for  carbon  extinguishment  within  the  Ni-Ti02  reforming 
layer. 


carbon  depositing  on  the  Ni  catalyst.  Fueled  with  methane,  much 
improved  discharging  stability  is  also  achieved  for  the  cell  with  the 
NTO  layer,  as  shown  in  Fig.  9(b).  These  results  strongly  suggest  that 
the  low-cost  NTO  reforming  layer  can  effectively  improve  the  car¬ 
bon  tolerance  of  cells. 

SEM  pictures  of  the  cell  after  running  in  humidified  methane  for 
93  h  are  shown  in  Fig.  10.  It  can  be  clearly  seen  that  slight  carbon 
deposits  on  Ni— YSZ  anode  while  none  on  the  Ni— Ti02  reforming 
layer  is  observed  for  the  cell  with  the  NTO  layer  after  the  long  term 
test.  Small  amount  of  methane,  sneaking  out  of  the  reforming  layer 
to  the  Ni/YSZ  anode,  catalytically  cracked  to  carbon  on  Ni  particles, 
and  therefore  resulted  in  slight  decrease  of  current  density  for  cells. 

The  mechanism  for  the  much  improved  carbon  tolerance  of  the 
cell  with  the  NTO  layer  can  be  suggested  as  follows.  In  a  reducing 
atmosphere,  the  NTO  layer  decomposed  to  Ni  and  Ti02  particles. 
Especially,  Ti4+  in  Ti02  would  be  intensively  reduced  to  Ti3+  which 
led  to  large  amounts  of  oxygen  vacancy  defects  on  the  surface. 
Aschauer  et  al.  investigated  the  water  adsorption  on  reduced  Ti02 
and  suggested  that  the  Ti02  surface  containing  oxygen  vacancies 
show  a  strong  selective  adsorption  to  FI2O  even  at  high  tempera¬ 
tures  [25].  Fig.  11  gives  a  schematic  diagram  for  the  reforming  re¬ 
action  within  the  NTO  layer:  1 )  the  NTO  layer  decomposed  to  Ni  and 
Ti02  particles;  2)  water  vapor  selectively  adsorbed  on  the  reduced 
Ti02  surface;  3)  the  adsorbed  water  reacts  with  the  carbon 
depositing  on  the  neighboring  Ni  particles  to  generate  CO  and  H2. 
After  those,  CO  and  H2  gases  will  pass  through  Ni-YSZ  anode  and 
intensively  react  with  O2-  transferring  from  the  cathode  to 
generate  H20  and  CO2. 

4.  Conclusion 

For  the  first  time,  NiTi03  (NTO)  was  employed  as  the  anode 
reforming  layer  to  ameliorate  the  carbon  tolerance  of  SOFCs.  In  the 
reducing  atmosphere,  NTO  was  reduced  to  nano  Ni  and  Ti02  par¬ 
ticles,  which  could  efficiently  accelerate  the  methane  steam 


Fig.  10.  The  fractured  SEM  pictures  of  (a)  the  reforming  layer  and  (b)  the  Ni-YSZ  anode  of  the  cell  with  NTO  layer  after  tested  in  methane  for  93  h. 
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reforming  reaction.  The  cell  with  the  NTO  reforming  layer  dis¬ 
charged  smoothly  in  the  propane  fuel  within  a  26  h  test;  while 
without  the  NTO  layer,  it  cracked  within  1  h.  The  maximum  power 
densities  for  the  cells  with  the  NTO  layer  at  700  °C  were  270  and 
236  mWcrrr2  with  wet  hydrogen  and  wet  methane  fuels, 
respectively. 
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